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Abstract 
Long non-coding RNAs (lncRNAs), endogenous RNAs with restricted or null coding 
potential, are emerging as key regulators of multiple biological processes in several species. 
Despite the importance of these transcripts, few studies have characterized marine 
crustacean lncRNAs or the modulation of these in response to chemical exposure. 
Therefore, the present study mainly focused on identifying lncRNAs in the sea louse 
Caligus rogercresseyi, an ectoparasite of primary concern to the Chilean salmon industry. 
A bioinformatics pipeline for lncRNAs discovery was designed, revealing 1,835 putative 
lncRNA sequences in the C. rogercresseyi transcriptome. Furthermore, C. rogercresseyi 
lncRNAs evidenced features classical of lncRNAs, such as lower values of GC content, 
length, transcription activity, and minimum free energy as compared with coding 
transcripts. Furthermore, since developed resistance against delousing drugs is a major 
threat to the management and control of sea lice, the transcriptional modulation of C. 
rogercresseyi lncRNAs during exposure to delousing drugs was also evaluated. Unlike 
coding transcripts, lncRNAs were mainly downregulated after exposure to either 
deltamethrin or azamethiphos, showing transcription patterns similar to other, better studied 
non-coding RNAs in arthropods. Finally, a subset of lncRNAs exhibited a strong 
transcriptional correlation to genes commonly associated with the drug response, such as 
ABC transporters, cytochrome p450, and glutathione S-transferase, among others. Our 
findings provide one of the first comprehensive lncRNA characterizations in a crustacean, 
contributing towards understandings on the regulatory role of lncRNAs during the drug 
response in Caligus rogercresseyi. 
Key words: Long non-coding RNA, drug response, sea lice, Caligus rogercresseyi  
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Introduction 
While the exact percentage is still under debate, a significant fraction of the metazoan 
genome is transcribed into RNA sequences (Birney et al., 2007; Pertea, 2012). However, 
just 2% of the genome encodes for proteins in some species, with most of the transcriptome 
composed by non-coding RNAs (ncRNAs) (Collins et al., 2004). The role of ncRNAs was 
initially thought limited to protein synthesis through ribosomal and transference RNA, but a 
deeper look into the ncRNA landscape led to the identification of different classes of 
functional ncRNAs with diverse roles beyond protein production (Cech and Steitz, 2014). 
Some functional ncRNAs include microRNAs (miRNAs), small interfering RNAs 
(siRNAs), PIWI-interacting RNAs (piRNAs), and long non-coding RNAs (lncRNAs). 
Although the majority of reports are associated with small non-coding RNAs, increasing 
evidence supports the widespread functionality of lncRNAs in the regulation of multiple 
biological processes (Mercer et al., 2009).  
LncRNAs are endogenous, capped and polyadenylated mRNA-like RNAs longer 
than 200 nt and transcribed by RNA polymerase II; nevertheless, lncRNAs do not encode 
for proteins. Therefore lncRNAs, unlike mRNAs, have a restricted coding potential and can 
functionally act as RNAs without the need to be translated into proteins (Mercer et al., 
2009; Moran et al., 2012). The molecular characterization of lncRNAs in different model 
species has revealed that these transcripts share some common features. As compared to 
mRNAS, lncRNAs are generally shorter, less enriched in guanine-cytosine (GC), expressed 
at lower levels, and tend to conform fewer secondary structures (Huang et al., 2012; Pauli 
et al., 2012; Etebari et al., 2015; Yang and Zhang, 2015; Boltaña et al., 2016; Mu et al., 
2016). Despite these common features, few degrees of sequence conservation between 
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closely related species has been reported (Pauli et al., 2012; Etebari et al., 2015; Mu et al., 
2016; Paneru et al., 2016). 
Although the first functional lncRNAs were characterized in the 1990s (Brockdorff 
et al., 1992; Brown et al., 1992), the massive identification of lncRNAs has only recently 
been achieved through advances in large-scale transcriptomics. As a result, few lncRNAs 
have been functionally characterized, and, thus, the mechanisms whereby these transcripts 
can modulate gene networks are still unclear Cumulative evidence suggests that lncRNAs 
can regulate protein production through chromatin remodeling, transcriptional control, or 
post-transcriptional processing (Mercer et al., 2009). This wide range of actions means 
lncRNAs could be involved in regulating multiple biological processes, such as 
reproduction, development, metabolism, and the immune response, among others (Imamura 
and Akimitsu, 2014; Taylor et al., 2015; Zhao and Lin, 2015). Recent evidence suggests 
that lncRNAs are also triggered by different stress factors, including genotoxic agents and 
insecticides (Mizutani et al., 2012; Etebari et al., 2015). These reports indicate that 
lncRNAs might fulfill a pivotal role in the response to xenobiotic compounds. 
Consequently, lncRNAs could be interesting targets for understanding the drug response in 
invertebrates and might be candidates for developing novel mitigation strategies against 
insecticide-treated parasites. 
The sea louse Caligus rogercresseyi is a marine ectoparasite and a primary concern 
for salmonid aquaculture (Costello, 2009). Chemical treatments are the main mitigation 
strategy against this parasite and its negative effects. However, the sustained growth of 
salmon farming has led to an extensive use of delousing drugs, generating a risk for the 
development of resistance against different chemotherapeutants, such as observed for other 
sea lice species (Denholm et al., 2002; Fallang et al., 2004; Jones et al., 2013). Different 
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transcriptomic approaches have been applied to understand the molecular mechanisms 
behind the drug response in C. rogercresseyi (Chavez-Mardones and Gallardo-Escarate, 
2015a; Valenzuela-Munoz et al., 2015). Although miRNAs might be implicated in the 
response of C. rogercresseyi to the delousing drugs deltamethrin and azamethiphos 
(Valenzuela-Miranda et al., 2015), to date there is no published evidence that directly 
describes the regulation of ncRNAs in this process. 
Considering the emerging evidence suggesting the importance of lncRNAs in the 
regulation of diverse biological process, together with the limited data regarding lncRNAs 
in marine species (Gaiti et al., 2015; Boltaña et al., 2016; Mu et al., 2016; Paneru et al., 
2016), the present study focused on identifying lncRNAs in C. rogercresseyi and 
evaluating transcriptional modulation during exposure to the delousing drugs deltamethrin 
and azamethiphos. Through a custom pipeline, 1835 putative lncRNAs were identified that 
shared features classical of other previously reported lncRNAs. Additionally, RNA-seq 
analysis identified a set of lncRNAs with significant transcriptional correlations to different 
classical drug-response genes. Our findings provide one of the first characterizations for 
lncRNAs in crustaceans, in addition to contributing towards understanding the regulatory 
role of lncRNAs during the drug response in Caligus rogercresseyi. 
 
Materials and methods 
RNA-seq data acquisition  
High-throughput sequencing data are available at the Sequence Read Archive 
(http://www.ncbi.nlm.nih.gov/sra) under the accession numbers SRX864101 and 
SRX864102 (Chavez-Mardones and Gallardo-Escarate, 2015b; Valenzuela-Muñoz et al., 
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2015). Briefly, adult C. rogercresseyi from a commercial farm (Puerto Montt, Chile) were 
exposed to an initial bioassay to test sensitivity to both deltamethrin and azamethiphos. For 
this, 30 individuals (15 males and 15 females) were exposed for 30 minutes to an increasing 
concentration (1 to 10 ppb) of either deltamethrin or azamethiphos. After 24 hours, the 
concentration at which 40-50% of the initial individuals survived was used for further 
analyses, and the test was considered valid when the number of immobilized lice in the 
control group was less than 20% of the initial number of individuals. After treatment, 
surviving individuals were collected and stored in RNA later solution (Ambion, Life 
Technologies, USA) until RNA isolation. Subsequent sequencing libraries were constructed 
for each group (i.e. deltamethrin or azamethiphos) with the TruSeq RNA Sample 
Preparation Kit v2 (Illumina, San Diego, USA) considering the same ratio of males/females 
per library. Two biological replicates for each sample pool were sequenced by the MiSeq 
(Illumina) platform using sequenced runs of 2 × 251 paired end reads. 
 
lncRNA identification pipeline 
A custom pipeline was developed to identify lncRNAs within the C. rogercresseyi 
transcriptome. Sequencing reads were de novo assembled into contigs using the CLC 
Genomics Workbench software v9.3 (CLC bio, Denmark) algorithm and considering a 
mismatch cost = 2, insertion cost = 3, deletion cost = 3, length fraction = 0.8, similarity 
fraction = 0.8, and a minimum contig length = 250. The resulting contigs were considered 
the input data for identifying lncRNAs. The first filter removed all contigs with an average 
coverage less than 50 reads per nucleotide. The coding potential of the remaining contigs 
was evaluated through the presence of open reading frames, the coding potential 
assessment tool  (Wang et al., 2013), and the coding potential calculator (Kong et al., 
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2007). Contigs with open reading frames above 200 nt and with a significant coding 
potential, as estimated by the coding potential assessment tool and coding potential 
calculator, were removed from further analysis. The final filter was to remove contigs 
matching with either protein and nucleotide databases. To discard putative coding 
transcripts, BLAST searches for nucleotides and proteins (BLASTn and BLASTx) were 
performed against the NCBI non-redundant (nr) database considering a word size = 3, gap 
cost existence = 11, extension = 1, and a BLOSUM62 matrix.  All blast hits with E values 
> E
-10
 were considered significant and were, therefore, discarded. Additionally, the NCBI 
batch web CD-search tool was used to identify and discard contigs containing protein-
conserved domains within any of the six respective translation frames. The transcripts 
remaining after this filtering pipeline were considered putative lncRNAs for C. 
rogercresseyi. 
 
In silico characterization of lncRNAs 
An in silico characterization of lncRNAs was conducted to identify key features that 
differentiate lncRNAs from other coding transcripts. This analysis included comparisons of 
GC content, sequence length, mean expression values, and the minimum free energy (MFE) 
of lncRNAs relative to mRNAs of C. rogercresseyi. Particularly, MFE was estimated using 
the RNA fold program as previously described (Hofacker, 2003), and mRNAs were 
identified through a BLASTx of the de novo assembled contigs for C. rogercresseyi  
against the UNIPROT protein database, considering a word size = 3, gap cost existence = 
11, extension = 1, and a BLOSUM62 matrix. Contigs with an E value > 1 × 10
-100
 were 
considered annotated transcripts and used for comparison against lncRNAs. Finally, to 
assess evolutionary sequence conservation, lncRNAs were mapped against the 
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Lepeophtheirus salmonis (https://licebase.org) and Daphnia pulex (Colbourne et al., 2011) 
genomes using the CLC genomics workbench software v9.3 (CLC bio, Denmark) mapping 
algorithm and considering the following parameters: mismatch cost = 2, insertion cost = 3, 
deletion cost = 3, length fraction = 0.8, and a similarity fraction = 0.8.  
 
RNA-seq and correlation analyses  
RNA-seq analyses were used to assess the transcriptional modulation of coding and non-
coding RNAs in C. rogercresseyi during exposure to either deltamethrin or azamethiphos. 
The expression values for previously identified lncRNAs and mRNAs were estimated 
through the RNA-seq algorithm within the CLC genomics workbench software v9.3 (CLC 
bio, Denmark). For this, adapter-trimmed and quality-filtered reads from each condition 
were used to calculate the expression values for each transcript as reads per kilobase of 
exon model per million mapped reads (RPKM) considering the following parameters: 
minimum read length fraction = 0.9, minimum read similarity fraction = 0.9, and unspecific 
read match limit = 10. Expression values were normalized with the scaling method using 
the mean as a normalization value and the median mean as a reference, as previously 
described (Valenzuela-Miranda and Gallardo-Escárate, 2016). Proportion-based statistical 
analysis was used to assess differential expressions. This entailed determining beta-
binomial distribution (Baggerly et al., 2003), and p-values were adjusted using false 
discovery rate correction. The expression values for each treatment were compared against 
each respective control, and transcripts with fold-change values above 2 and with a p < 0.05 
were considered differentially expressed transcripts. Finally, a co-expression analysis 
between differentially expressed lncRNAs/mRNAs was performed by estimating the 
Pearson’s correlation coefficient between expression values among coding and non-coding 
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RNAs. Correlations were estimated and plotted with the Corrplot library (https://CRAN.R-
project.org/package=corrplot) for R (https://cran.r-project.org/) and were considered 
statistically significant when r > 0.9 and p < 0.01. 
 
Results 
lncRNAs identification 
A custom pipeline for identifying lncRNAs was created. Specifically, the de novo 
assembled transcriptome sequenced for C. rogercresseyi exposed to delousing drugs was 
used as input data. As a result, 63,444 high quality contigs were obtained and submitted 
through a series of filter to remove any transcripts evidencing coding potential (Fig. 1). A 
first coverage filter reduced the possibility of including assembly artifacts, resulting in the 
removal of 43,131 contigs with an average coverage below 50 reads per nucleotide. The 
second set of filters discarded transcripts potentially encoding for proteins. Coding potential 
was estimated through the presence of open reading frames longer than 200 nt coupled with 
two different algorithms (i.e. coding potential assessment tool and coding potential 
calculator), resulting in the removal of 15,150 contigs. The last group of filters removed 
transcripts matching any protein or nucleotide database. As a result, a total of 3,328 contigs 
were removed, and the remaining 1,835 transcripts were considered putative lncRNAs for 
C. rogercresseyi (Fig. 1). 
 
In silico characterization of lncRNAs 
To identify key features that differentiate lncRNAs with other coding transcripts, 
comparisons were performed between C. rogercresseyi lncRNAs and mRNAs. In 
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particular, GC content, sequence length, mean expression values, and MFE were estimated 
in both coding and non-coding transcripts (Fig. 2). The mean GC content for lncRNAs was 
36%, while for mRNAs it was 47% (Fig. 2A). Regarding sequence length, lncRNAs were 
shorter than mRNAs. While most lncRNAs were between 250-400 nt, mRNAs were more 
enriched in sequences above 2000 nt (Fig. 2B). Furthermore, lncRNAs evidenced lower 
expression values than mRNAs. This trend was consistent in control and drug-treated 
groups and in both males and females (Fig. 2C). Finally, MFE estimations revealed lower 
levels in mRNAs than lncRNAs. This result might indicate that lncRNAs tend to conform 
secondary structures to a lesser extent than coding transcripts (Fig. 2D).  
 Moreover, C. rogercresseyi lncRNAs were mapped against the genomes of the most 
closely related species available to assess the degree of transcript sequence conservation. 
Just 8.45% and 0.98% of C. rogercresseyi lncRNAs were effectively mapped against the L. 
salmonis and D. pulex genomes, respectively (Fig. 3). This trend was also maintained when 
comparing C. rogercresseyi and Plutella xylostella lncRNAs, where just 1.2% were 
conserved between both species (data not shown).  
 
Differential expression and correlation analyses 
The transcriptional responses of C. rogercresseyi coding and non-coding RNAs were also 
compared during exposure to antiparasitic drugs. Venn diagrams were constructed for each 
condition taking into account the differentially expressed transcripts (|fold-change| > 2; p < 
0.05). The results evidenced a similar distribution of differentially expressed mRNAs and 
lncRNAs in both treatments, with higher numbers of transcripts exclusively regulated in the 
group exposed to azamethiphos (Fig. 4A). However, regarding the intensity and direction 
of the change (up- or downregulated), lncRNAs were strongly downregulated after 
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delousing drug exposure (Fig. 4B and Fig. 4C). For instance, while 67 and 110 mRNAs 
were upregulated in azamethiphos and deltamethrin treated individuals, respectively, just 
26 and 8 lncRNAs significantly increased in transcription values in response to 
azamethiphos and deltamethrin, respectively (Fig. 4C).  
 Some candidate genes associated with drug response were present among the 
differentially expressed transcripts. These included genes related to cuticle formation, 
oxidative stress, metabolic enzymes, and ABC transporters, among others (Fig. S1).  
Considering these findings, a co-expression analysis was used to assess if C. rogercresseyi 
lncRNAs shared some significant transcriptional regulation with drug response genes. 
Results indicated the existence of significant Pearson’s correlations for some of the 
differentially expressed lncRNAs (Fig. 5).  
 
Discussion  
The growing evidence for a regulatory role of lncRNAs in different biological processes 
has increased scientific interest in these transcripts. However, lncRNA research in marine 
species is still limited and has been mainly associated with functions in immune responses 
(Boltaña et al., 2016; Mu et al., 2016; Paneru et al., 2016). Therefore, our work aimed to 
identify lncRNAs in the sea louse C. rogercresseyi and to evaluate the transcriptional 
modulation of these during exposure to the delousing drugs deltamethrin and azamethiphos. 
As no reference genome is available for non-model species, a main caution for 
lncRNA identification in these organisms is to avoid the inclusion of de novo assembly 
artifacts. One strategy to reduce the inclusion of false-positive lncRNAs relies on the 
removal of low-representation transcripts within the transcriptome (Boltaña et al., 2016). 
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This approach, which removes contigs with a low coverage in the transcriptome, was the 
first filter used to identify lncRNAs in C. rogercresseyi. Furthermore, cumulative evidence 
suggests little sequence conservation between lncRNAs, even in closely related species 
(Pauli et al., 2012; Etebari et al., 2015; Paneru et al., 2016). This has hampered the 
identification of lncRNAs in non-model species, and, hence, the characterization of 
lncRNAs relies on the removal of transcripts evidencing coding potential. Therefore, 
subsequently applied filters evaluated coding potential and removed transcripts matching 
any protein or nucleotide database. This filter pipeline resulted in the identification of 1,835 
putative lncRNAs in C. rogercresseyi, a quantity slightly similar to that reported for other 
invertebrates (Etebari et al., 2015; Mu et al., 2016).  
Furthermore, in silico analyses were conducted to identify key characteristics 
usually associated with lncRNAs. These features include lower values of GC content, 
length, transcription, and MFE than coding transcripts. C. rogercresseyi lncRNAs 
evidenced lower GC content, length, and expression values than mRNAs. These results are 
consistent with previously reported lncRNAs from different species (Pauli et al., 2012; 
Etebari et al., 2015; Mu et al., 2016). Regarding MFE, this value has been previously used 
as an indirect measurement to evaluate the stability of the secondary structure in certain 
RNA types (Wang et al., 2014). The presently obtained results evidenced that C. 
rogercresseyi lncRNAs are more likely to conform less stable secondary structures as 
compared to mRNAs. Although this trend has been shown in other model animals (Yang 
and Zhang, 2015), the biological implications of this feature are still under debate. One 
hypothesis proposes that a more linear secondary structure could facilitate binding with 
other regulatory RNAs, such as miRNAs, or mRNAs (Dorn and Matkovich, 2014).  
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Regarding sequence homology, few C. rogercresseyi lncRNAs were effectively 
mapped against closely related genomes, even with other sea lice species. In contrast to 
mRNAs, lncRNAs did not share the high sequence conservation between closely related 
species. However, it has been shown that this lack of conservation does not imply a lack of 
function (Johnsson et al., 2014). For instance, 47 different orthologs in Drosophila species 
have been reported for the lncRNA roX, and this loss of sequence conservation could be 
offset by a dynamic change in the respective binding sites (Quinn et al., 2016). This feature 
has hampered the identification and functional characterization of lncRNAs in non-model 
organisms, and novel approaches are still needed to identify lncRNA orthologs beyond 
sequence homology.  
The present study also evaluated the transcriptional modulation of coding and non-
coding responses during delousing drug treatments. The results showed similar quantities 
of mRNAs and lncRNAs differentially expressed during exposure to deltamethrin and 
azamethiphos. Notwithstanding this, the intensity and direction (up or downregulated) of 
expressional changes varied, with lncRNAs exhibiting a tendency to decrease in expression 
values after stimulation. Furthermore, a low percentage of the differentially expressed 
lncRNAs increased in transcriptional expression values as compared to the control. These 
results contrast with previously reported evidence suggesting that insecticide-resistant 
strains of P. xylostella deploy a large number of lncRNAs against different toxins (Etebari 
et al., 2015). This contrast could be due to a lack of background information regarding C. 
rogercresseyi susceptibility/resistance against deltamethrin and azamethiphos. Therefore, 
further studies should consider comparing the transcriptional regulation of lncRNAs in 
drug-resistant sea lice.  
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Co-expression and co-localization approaches have been previously used to identify 
possible interactions between coding and non-coding RNAs (Etebari et al., 2015; Al-
Tobasei et al., 2016; Valenzuela-Miranda and Gallardo-Escárate, 2016). This analysis is 
based on the assumption that lncRNAs regulate genes proximal to respective binding site 
(Villegas and Zaphiropoulos, 2015). However, the lack of reference genomes in non-model 
species hinders making hypothesis on possible interplays between lncRNAs/mRNAs. 
Notwithstanding this limitation, our results do provide evidence that some lncRNAs are 
significantly regulated after the exposure of C. rogercresseyi to delousing compounds and 
that this type of response is comparable with that reported for classical delousing drug-
response genes. Overall, our findings provide one of the first characterizations of lncRNAs 
in crustaceans, contributing towards understanding lncRNA roles in the drug response of 
Caligus rogercresseyi. 
 
Conclusion 
The present study mainly focused on identifying lncRNAs in the sea louse Caligus 
rogercresseyi, an ectoparasite of primary concern to the Chilean salmon industry. A 
bioinformatic pipeline for lncRNAs discovery was designed, revealing 1,835 putative 
lncRNA sequences in the C. rogercresseyi transcriptome. Furthermore, C. rogercresseyi 
lncRNA transcripts presented features classical of lncRNAs, such as lower values of GC 
content, length, transcription activity, and minimum free energy as compared with coding 
transcripts. Unlike coding transcripts, C. rogercresseyi lncRNAs were mainly 
downregulated after exposure to either deltamethrin or azamethiphos, showing transcription 
patterns similar to other, better studied non-coding RNAs. Finally, a subset of lncRNAs 
exhibited a strong transcriptional correlation to genes commonly associated with the drug 
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response, such as ABC transporters, cytochrome p450, and glutathione S-transferase, 
among others.  
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Figure list 
Figure 1. Pipeline for the identification of lncRNAs in C. rogercresseyi. Each box within 
the pipeline represents one of the applied filters. The number of contigs discarded 
by each filter is shown. Filters were classified into four different categories 
depending on the aim of each step. 
Figure 2. In silico characterization of lncRNAs and mRNAs. Histograms were plotted for 
the (A) guanine-cytosine content (GC), (B) sequence length, (C) expression 
values, and (D) minimum free energy (MFE) estimated for lncRNAs (blue) and 
mRNAs (light blue)  
Figure 3. Distribution of annotated (light blue) and non-annotated (blue) C. rogercresseyi 
lncRNAs as compared against the Lepeophtheirus salmonis and Daphnia pulex 
genomes. 
Figure 4. Transcriptional regulation of mRNAs and lncRNAs. (A) Venn diagram 
representing the distribution of differentially expressed transcripts (|fold-change| 
> 2; p < 0.05) exclusive and unique to each transcript. (B) Heatmap representing 
the fold change value for each differentially expressed transcript, ranging from -
200 (blue) to 200 (red). (C) Distribution of the differentially expressed transcripts 
classified as upregulated (red) and downregulated (blue). 
Figure 5. Correlation matrix between differentially expressed lncRNAs and mRNAs 
associated with the drug response. Each statistically significant correlation value 
is represented through a color scale ranging from r = -1 (blue) to r = 1 (red). Non-
significant correlations are plotted as white boxes. 
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Fig 3 
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Fig 5 
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Abbreviation list 
Long non-coding RNAs (lncRNAs); Guanine-Cytosine (GC); non-coding RNAs (ncRNAs); 
microRNAs (miRNAs); small interfering RNAs (siRNAs); PIWI-interacting RNAs (piRNAs); 
minimum free energy (MFE); transcript as reads per kilobase of exon model per million mapped 
reads (RPKM);  
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Highlights 
1.- lncRNAs have emerged with key roles in the regulation of protein coding genes 
2.-1835 lncRNAs were characterized for Caligus rogercresseyi 
3.- lncRNAs showed significant transcriptional correlation with drug response genes 
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